When discussing potential resonances in hydraulic turbine runners, cavitation effects are usually neglected. Nevertheless, recent studies have experimentally proved, that large cavitation volumes in the proximity of flexible simple structures, such as hydrofoils, greatly modify their natural frequencies.
Introduction
Fluid-Structure-Interaction (FSI) phenomena have received wide attention since decades as they are involved in dynamic problems of real engineering structures in fields such as aerodynamics, buildings& civil structures and submerged structures such as dams, naval architectures and hydraulic turbines. When a structure is surrounded by a heavy fluid, one of the most relevant FSI effects is the added mass [1, 2] , which is responsible to greatly modify its natural frequencies. As structural resonances can occur if a periodical excitation matches one of the natural frequencies, it is of paramount importance to accurately determine the added mass effect.
Natural frequencies of submerged structures and added mass effect have been deeply studied in the last century. One of the first related studies is the work of Lamb [3] for simple thin plates performed
where c = K/ρ o is the speed of sound, ρ o is the mean density, K is the bulk modulus, µ is the dynamic viscosity, p is the acoustic pressure, Q is the mass source in the continuity equation, and t is time.
The corresponding finite element formulation is obtained by means of the Galerkin method applied to Equation (1) . As a result, the discretized wave equation in matrix notation is:
.. 
where M F , C F and K F are the fluid mass, damping and stiffness matrices which are related to the terms in Equation (1), p e is the nodal pressure vector at the discretized points and F F is the applied fluid pressure vector at the boundaries (excluding the force exert by the flexible structure) obtained by integrating the pressure over the area of the surface. The force that the flexible structure exerts over the fluid is modeled by the term ρ o [R]
T .. u e,F , where u e,F are the nodal displacements at the nodes of the FSI interface. R is the coupling matrix and represents the effective surface associated with each node on the fluid-structure interface.
Both Equation (2) and the discretized structural equations (see, for instance, Reference [27] ) must be simultaneously considered in FSI problems because pressure waves are generated by the structure displacement and the structure deformation is affected by the fluid pressure. Therefore, the governing finite element matrix equations of the coupled FSI problem becomes:
P and U are the fluid pressure and the structure displacement vectors at the discretized nodes. M s , C s and K s are the structure mass, damping and stiffness matrices and F s is structural load vector.
Natural frequencies and mode shapes of the structure can be calculated by means of the Fourier transform and considering F s ,F F = 0 in Equation (3) . The unsymmetrical coupled FSI matrix system can be then expressed as a function of the frequency ω:
Equation (4) is a generic equation, where local changes in the fluid properties, such as densities and speed of sound in cavitation volumes, can be considered. Therefore, it can be used to calculate natural frequencies and mode shapes of the structure as long as the cavitation volumes and its fluid properties are well defined in space.
Description of Francis Turbine and Failure

Unit Description and Damage Found
The Francis turbine runner analyzed has 14 blades and its crown diameter is 2.72 m. The distributor has 24 guide vanes. The rated head and power per unit are 102 m and 44 MW respectively. The rotational speed is 250 rpm.
Many blades were found broken after one operating day. In all the broken blades, the fracture was quite similar as seen in Figure 1b . The crack initiated on the outer part of the trailing edge 
Operating Conditions before and after the Damage
The unit operated one single day at deep part load. After that day, excessive vibrations were occurring on the Unit 1, so the machine was stopped. The unit was dewatered and during the inspection the trailing edges of many blades were found broken as shown in Figure 1 . Although, during this day the operating power was not absolutely constant, the unit worked around 16 MW (averaged data according to the operating data provided by the power plant operators). This condition is described in the first row of Table 1 and will be numerically simulated (CFD) as explained in the next section.
After several months, the damages were repaired, and the unit was put again in operation. Especially during the first weeks and in order to avoid further damages, the machine was working close to its best efficiency point (BEP) and with a similar head as before. No damages were found after this time. This condition is described in the second row of Table 1 and will be also simulated with CFD techniques. 
Hydraulic Excitations
In order to investigate the possibility of the occurrence of a structural resonance in the turbine runner, that could have caused such a rapid fracture, the excitation flow at deep part load has to be analyzed in detail. Here, we briefly summarize the main characteristics of the possible flow phenomena that could excite a structural resonance in the runner.
Deep Part Load Flow and Inter Blade Vortices
According to many authors the flow at deep part load (DPL) is highly stochastic [28] [29] [30] and characterized by inter-blade vortices [31, 32] . Usually the excited frequencies are in the low frequency range from 0 Hz to few times the rotating speed (≈5 Ω) [28, 33] . Under these conditions the associated dynamic stresses on the runner can be high and have to be considered for the calculation of long term fatigue [34] [35] [36] . Nevertheless, due to the fact that the excited frequencies are in the low range and are stochastic rather than periodic, it is believed that these vortices itself cannot explain a structural resonance of the runner. 
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Hydraulic Excitations
Deep Part Load Flow and Inter Blade Vortices
According to many authors the flow at deep part load (DPL) is highly stochastic [28] [29] [30] and characterized by inter-blade vortices [31, 32] . Usually the excited frequencies are in the low frequency range from 0 Hz to few times the rotating speed (≈5 Ω) [28, 33] . Under these conditions the associated dynamic stresses on the runner can be high and have to be considered for the calculation of long term fatigue [34] [35] [36] . Nevertheless, due to the fact that the excited frequencies are in the low range and are stochastic rather than periodic, it is believed that these vortices itself cannot explain a structural resonance of the runner.
Vortex Rope
At part load [37] [38] [39] (and sometimes at full load [40] ), a vortex rope can appear. This vortex rope has a frequency below the rotational frequency of the runner and has the ability to excite the whole hydraulic system [37, [40] [41] [42] . Nevertheless, the ability of this rope to excite a structural resonance of the runner may be limited as its characteristic frequency is much below the first natural frequencies of the runner.
Von Karman Vortices
The Von-Karman vortices can damage the trailing edge of the blades as reported in some cases [43] , if the frequency of the vortices coincide with one of the natural frequencies of the runner, particularly with high deformation on the trailing edge of the blades. A possible lock-in phenomenon is more likely to occur at high loads [43, 44] . In order to calculate the vortex frequencies, the Strouhal number is considered to be in a range of 0.18-0.25 in the trailing edge of the turbine blade [44] . Then the frequency of the Von-Karman vortices can be calculated using the following expression:
where St is the Strouhal Number (0.18-0.25), v the mean velocity at the trailing edge and d the characteristic thickness. Therefore, this excitation, which is periodical, has to be accurately analyzed in the present case.
RSI
The combinations of wicket gates and Guide Vanes permits to theoretically estimate the main excitation frequencies and shapes caused by the Rotor Stator Interaction (RSI). The equation governing the RSI excitation frequencies and shapes is:
where Z v is the number of guide vanes and Z b is the number of rotating blades in the turbine runner. m, n are the harmonic orders so that the excited frequency seen from the rotating frame will be f rot = mZ v Ω and from the stationary frame f stat = nZ b Ω, where Ω is the rotating speed of the machine in revolutions/seconds. k is the excitation shape defined by the number of nodal diameters. The most dangerous combinations are those ones m, n resulting in a low k, specially also for the first m, n harmonics. Note that a resonance can occur only if the excited frequency f rot matches one natural frequency of the runner, as well as the excitation shape k matches the corresponding mode shape [45] . For the present, unit the main expected excited frequencies and excitation shapes can be easily calculated with Equation (6) . These are shown in Table 2 . Table 3 summarizes the hydraulic excitations, particularized for the present case, from the analytical point of view. For the Von-Karman vortex frequency, the Strouhal number has been considered 0.18-0.25 and the thickness according to the runner blades thickness at the trailing edge (15 mm). The relative speed with respect to the trailing edge of the rotating blade has been obtained close to the periphery (r = 1300 mm) where the real cracks have been found (Figure 1) , by means of CFD results (Section 4). 
Flow Conditions through CFD Simulation
In order to investigate the possibility of a resonance condition, the natural frequencies of the runner and the excitation frequencies have to be determined. As the machine was working at deep part load, inter blade vortices may be expected. These cavitation vortices may affect the structural natural frequencies [21] , and therefore in this section these cavities are determined by means of CFD simulations. The RSI excitation frequencies have been also determined by means of the same simulation.
Simulated Cavities at Deep Part Load
The steady Zwart-Gerber-Belamri (ZGB) cavitation model [46] has been used for the present CFD simulation. This simulation has been performed for the deep part load condition and for a condition close to Best Efficiency Point shown in Table 2 .
Using trimmed and plyhedral cell meshing technique, the grid convergence test has been carried out based on the flow features. The final mesh adopted has about 227,000 elements or 3D-cells in the spiral case. Furthermore, this mesh has about 150,000 elements in the guide vanes, 347,000 in the runner and 100,000 elements in the draft tube. The Reynolds-averaged Navier-Stokes equations (RANS) with RNG k-ε turbulence model have been applied to solve the fluid field.
The ZGB cavitation model considers the continuity equations of the vapor phase as:
where ρ v is the density of vapor, u the local velocity and α v = V v /V the void ratio. V v and V are respectively the volume occupied by vapor and the total volume of the cavity. R e , R c are the source terms, which can be expressed as:
From these equations, the following flow parameters have been adopted based on previous studies: Evaporation coefficient F vap = 50, condensation coefficient F cond = 0.01, bubble radius Energies 2018, 11, 2320 7 of 16 ϑ B = 2 × 10 −6 m, nucleation site volume fraction α nuc = 5 × 10 −4 . P is the local pressure, and P v the vapor pressure. ρ l is the density of liquid (water).
The averaged density of the cavity ρ c can be calculated by using the void ratio α v and its definition. Therefore:
In this study ρ V and ρ L have been taken as 1.74 × 10 −2 (saturated vapor at 20 • C) and 1000 kg/m 2 respectively. The void ratio α v is a local variable that determines the density, sonic velocity, geometry and size of the simulated cavities. Therefore, a realistic selection of this value is critical, as it will have a great influence on the added mass. In previous works [21, 47] , this parameter adopts a wide range of values and thus, a unique specific value cannot be selected. Furthermore, the experimental conditions in those studies are quite different as in the present case. Instead of selecting one value, in this paper we carry out a sensitivity analysis varying this value in a range from 0.1-0.9 (with a step of 0.1). In this way, it can be seen how the simulated cavities characteristic change. Therefore, its influence on the added mass effect can be also determined as will be discussed in the following section.
For the simulation, a submergence level of −4.6 m at the outlet section was considered (transformed in static pressure), according to the design suction head. At the inlet, the pressure and the flowrate were selected according to the parameters shown in Table 1 . Figure 2 shows the predicted cavities with α v = 0.1 and for 16 MW (deep part load condition in Table 1 ). In this situation the total volume V of the cavities is maximum. In every runner channel, a single inter blade vortex cavity is observed. This vortex detaches from the band, and extends towards the suction side of the blade close to the trailing edge. wide range of values and thus, a unique specific value cannot be selected. Furthermore, the experimental conditions in those studies are quite different as in the present case. Instead of selecting one value, in this paper we carry out a sensitivity analysis varying this value in a range from 0.1-0.9 (with a step of 0.1). In this way, it can be seen how the simulated cavities characteristic change. Therefore, its influence on the added mass effect can be also determined as will be discussed in the following section.
For the simulation, a submergence level of −4.6 m at the outlet section was considered (transformed in static pressure), according to the design suction head. At the inlet, the pressure and the flowrate were selected according to the parameters shown in Table 1 . Figure 2 shows the predicted cavities with αv = 0.1 and for 16 MW (deep part load condition in Table 1 ). In this situation the total volume V of the cavities is maximum. In every runner channel, a single inter blade vortex cavity is observed. This vortex detaches from the band, and extends towards the suction side of the blade close to the trailing edge.
As recently analyzed experimentally and numerically, the inter-blade vortices that typically appear at deep part load induce stochastic loads although the volume of such cavities is approximately constant during one cycle of the runner. Thus, the characteristics of the cavitation volume are analyzed at one arbitrary temporary point [31, 48, 49] . Other cavitation phenomena which are characterized by the variation of the cavitation volume, such as the part load and full load unstable vortex rope, are analyzed at different time points during one cycle [41, [50] [51] [52] . Therefore, although the stochastic pressure fluctuations induced by these vortices are better captured with unsteady CFD models [28, 31] , the cavity volume, which will be used to compute the natural frequencies of the runner, is determined by the steady CFD model, which is enough to evaluate the risk of a possible resonance. For the BEP condition defined in Table 2 no large cavities were observed according to the CFD simulation, whatever αv was, but only small cavitation nuclei (typical travelling bubbles at high loads [53] ). Therefore, for the FSI simulation of this particular operating condition (Section 5), water will be modelled as a homogeneous fluid around the turbine runner.
Hydraulic Excitations from the CFD
As discussed in Section 3.3, different types of hydraulic phenomena could excite a structural resonance of the runner and thus provoke the cracks. As shown in Figure 3 , two types of phenomena are captured with the CFD simulation at deep part load. One is the typical flow at deep part load which is highly stochastic in a low frequency band [28, 33] and the RSI phenomenon. As mentioned before, in order to better capture and analyze the deep part load flow characteristics, unsteady CFD models are necessary. In the present case, the stochastic part of the flow is not relevant for our discussion as the frequency range is very low. At BEP only the RSI is observed with a higher As recently analyzed experimentally and numerically, the inter-blade vortices that typically appear at deep part load induce stochastic loads although the volume of such cavities is approximately constant during one cycle of the runner. Thus, the characteristics of the cavitation volume are analyzed at one arbitrary temporary point [31, 48, 49] . Other cavitation phenomena which are characterized by the variation of the cavitation volume, such as the part load and full load unstable vortex rope, are analyzed at different time points during one cycle [41, [50] [51] [52] . Therefore, although the stochastic pressure fluctuations induced by these vortices are better captured with unsteady CFD models [28, 31] , the cavity volume, which will be used to compute the natural frequencies of the runner, is determined by the steady CFD model, which is enough to evaluate the risk of a possible resonance.
For the BEP condition defined in Table 2 no large cavities were observed according to the CFD simulation, whatever α v was, but only small cavitation nuclei (typical travelling bubbles at high loads [53] ). Therefore, for the FSI simulation of this particular operating condition (Section 5), water will be modelled as a homogeneous fluid around the turbine runner.
As discussed in Section 3.3, different types of hydraulic phenomena could excite a structural resonance of the runner and thus provoke the cracks. As shown in Figure 3 , two types of phenomena are captured with the CFD simulation at deep part load. One is the typical flow at deep part load which is highly stochastic in a low frequency band [28, 33] and the RSI phenomenon. As mentioned before, in order to better capture and analyze the deep part load flow characteristics, unsteady CFD models are necessary. In the present case, the stochastic part of the flow is not relevant for our discussion as the frequency range is very low. At BEP only the RSI is observed with a higher amplitude, which corresponds to the typical behavior in Francis turbines [35] .
The Von Karman vortex shedding, when occurs, is expected at a higher frequency range. Furthermore, the possibility or not that the cracks are originated by a lock-in phenomenon on the trailing edge will be discussed in Section 6, based on the analytical Von-Karman frequencies (Table  3 ) and the calculated natural frequencies of the runner (Section 5).
The periodical excitation of the RSI can provoke a resonance of the turbine if the excitation frequency and excitation shape coincide with the natural frequency and mode shape of the turbine runner. The theoretical characteristics have been discussed in Section 3.3.4, and summarized in Table  2 . According to this table, from the rotating point of view, the principal excited frequency is = 24 · = 100 with a corresponding mode shape of k = 4. Figure 3 shows that at deep part load, and BEP this frequency is clearly observed in the simulation results as predicted with the analytical equation of the RSI (Table 2 ). For the BEP condition the relative amplitude of this component is higher, as the load is larger [35] . It has been also checked, comparing phase differences between homologous point in the other blades, that the dominating excitation shape in this frequency is a k = 4 mode, rotating in the same direction than the runner. These characteristics validate also the CFD simulation results. 
Natural Frequencies and Mode Shapes of the Runner without and with Cavitation Effects
To analyze the possibility of a structural resonance of the runner, the natural frequencies and mode shapes of the runner have to be determined considering the boundary conditions. Then, it has to be checked if the natural frequencies, and mode shapes can be excited by one of the hydraulic phenomena considered. For the runner material, stainless steel with density 7850 Kg/m 3 , Young Modulus of 201 GPa and Poisson Ratio of 0.3 has been adopted.
The runner's surrounding water has a density of 1000 kg/m 3 and speed of sound of 1450 m/s, outside of the possible cavitation volumes. The fluid mesh was built by extending the structure mesh so that the nodes on the interface are shared by both domains. The Von Karman vortex shedding, when occurs, is expected at a higher frequency range. Furthermore, the possibility or not that the cracks are originated by a lock-in phenomenon on the trailing edge will be discussed in Section 6, based on the analytical Von-Karman frequencies (Table 3) and the calculated natural frequencies of the runner (Section 5).
The periodical excitation of the RSI can provoke a resonance of the turbine if the excitation frequency and excitation shape coincide with the natural frequency and mode shape of the turbine runner. The theoretical characteristics have been discussed in Section 3.3.4, and summarized in Table 2 . According to this table, from the rotating point of view, the principal excited frequency is f rot = 24·ω = 100 Hz with a corresponding mode shape of k = 4. Figure 3 shows that at deep part load, and BEP this frequency is clearly observed in the simulation results as predicted with the analytical (Table 2) . For the BEP condition the relative amplitude of this component is higher, as the load is larger [35] . It has been also checked, comparing phase differences between homologous point in the other blades, that the dominating excitation shape in this frequency is a k = 4 mode, rotating in the same direction than the runner. These characteristics validate also the CFD simulation results.
To analyze the possibility of a structural resonance of the runner, the natural frequencies and mode shapes of the runner have to be determined considering the boundary conditions. Then, it has to be checked if the natural frequencies, and mode shapes can be excited by one of the hydraulic phenomena considered. For the runner material, stainless steel with density 7850 Kg/m 3 , Young Modulus of 201 GPa and Poisson Ratio of 0.3 has been adopted. The runner's surrounding water has a density of 1000 kg/m 3 and speed of sound of 1450 m/s, outside of the possible cavitation volumes. The fluid mesh was built by extending the structure mesh so that the nodes on the interface are shared by both domains.
Special attention has been given to simulate the effects of the gaps between the runner crown and the head cover and between the runner band and the surrounding seal, as some investigations show that the proximity of rigid walls in submerged structures, significantly increases the added mass effect and therefore greatly reduces the natural frequencies [9, [54] [55] [56] . These small gaps can be appreciated on Figure 4 .
For the mesh, quadratic tetrahedral elements have been adopted. Before the calculation, a mesh sensitivity analysis has been carried out. On the right of Figure 4 , it can be seen that the relative deviation of the first four order modes decrease as the total element number of the runner and of the acoustic fluid increases. The final mesh, with 1 million quadratic tetrahedral elements, combining the solid and fluid domains, has been selected. Special attention has been given to simulate the effects of the gaps between the runner crown and the head cover and between the runner band and the surrounding seal, as some investigations show that the proximity of rigid walls in submerged structures, significantly increases the added mass effect and therefore greatly reduces the natural frequencies [9, [54] [55] [56] . These small gaps can be appreciated on Figure 4 .
For the mesh, quadratic tetrahedral elements have been adopted. Before the calculation, a mesh sensitivity analysis has been carried out. On the right of Figure 4 , it can be seen that the relative deviation of the first four order modes decrease as the total element number of the runner and of the acoustic fluid increases. The final mesh, with 1 million quadratic tetrahedral elements, combining the solid and fluid domains, has been selected. 
Without Cavitation Effects (Conditions Close to BEP)
When the runner works close to the BEP the water can be considered as a homogeneous medium with constant density and speed of sound as discussed in Section 4.1. Then, the FSI simulation with the aforementioned boundary conditions gives the first natural frequencies and mode shapes, which are shown in Figure 5 . They correspond to a zero-nodal diameter (0ND), a one-nodal diameter (1ND), a two-nodal diameter (2ND), a three-nodal diameter (3ND) and a four-nodal diameter (4ND) mode shapes. For mid head Francis runners, which have a similar geometry, but different scales according to the flow rate [57] , the first diametrical modes are characterized by a high deformation occurring at outer diameters of the blades (see Reference [17] ). 
When the runner works close to the BEP the water can be considered as a homogeneous medium with constant density and speed of sound as discussed in Section 4.1. Then, the FSI simulation with the aforementioned boundary conditions gives the first natural frequencies and mode shapes, which are shown in Figure 5 . They correspond to a zero-nodal diameter (0ND), a one-nodal diameter (1ND), a two-nodal diameter (2ND), a three-nodal diameter (3ND) and a four-nodal diameter (4ND) mode shapes. For mid head Francis runners, which have a similar geometry, but different scales according to the flow rate [57] , the first diametrical modes are characterized by a high deformation occurring at outer diameters of the blades (see Reference [17] ).
the aforementioned boundary conditions gives the first natural frequencies and mode shapes, which are shown in Figure 5 . They correspond to a zero-nodal diameter (0ND), a one-nodal diameter (1ND), a two-nodal diameter (2ND), a three-nodal diameter (3ND) and a four-nodal diameter (4ND) mode shapes. For mid head Francis runners, which have a similar geometry, but different scales according to the flow rate [57] , the first diametrical modes are characterized by a high deformation occurring at outer diameters of the blades (see Reference [17] ).
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Energies 2018, 11, x 10 of 16 3ND 4ND The natural frequencies corresponding to these mode shapes are shown in Table 4 . Furthermore, the values of the natural frequencies in air fair have been also obtained in a parallel simulation eliminating the surrounding flow. Then, the frequency reduction ratios (FRR), which are also shown in this table can be defined as:
It can be observed that the added mass effect (and therefore the FRR) in this type of runners, increases with the number of nodal diameters of the mode shape. 
With Interblade Vortices (Deep Part Load Condition)
For this analysis, the same mesh used for the previous simulation has been adopted. In order to include the inter blade vortex cavities in the acoustic FSI model, the vapor volumes shapes calculated with the CFD simulation have been mapped into the FEM model. The rest of the parameters and boundary conditions have been kept unchanged. The nodes of the elements on the cavity surface have been transferred to the FE model using the nearest nodes, as the mesh for the CFD is different than the mesh for FEM. To characterize the mixture of vapor and water inside the mapped cavity volumes, various simulations have been carried out. It has been considered that the average void ratio could vary from 0.1 to 0.9, according to the discussion presented in the previous section. The comparison of the predicted cavity with the CFD, and its transposition to the FEM model is shown in Figure 6 for αv = 0.1.
Then, the natural frequencies and mode shapes of the runner working at deep part load (with cavitation condition) can be numerically obtained for different αv values. Figure 7 shows the increase of the different natural with respect the natural frequencies in homogenous water ( − )/ , where are the natural frequencies considering cavitation effects (depending on αv) and are The natural frequencies corresponding to these mode shapes are shown in Table 4 . Furthermore, the values of the natural frequencies in air f air have been also obtained in a parallel simulation eliminating the surrounding flow. Then, the frequency reduction ratios (FRR), which are also shown in this table can be defined as:
For this analysis, the same mesh used for the previous simulation has been adopted. In order to include the inter blade vortex cavities in the acoustic FSI model, the vapor volumes shapes calculated with the CFD simulation have been mapped into the FEM model. The rest of the parameters and boundary conditions have been kept unchanged. The nodes of the elements on the cavity surface have been transferred to the FE model using the nearest nodes, as the mesh for the CFD is different than the mesh for FEM. To characterize the mixture of vapor and water inside the mapped cavity volumes, various simulations have been carried out. It has been considered that the average void ratio could vary from 0.1 to 0.9, according to the discussion presented in the previous section. The comparison of the predicted cavity with the CFD, and its transposition to the FEM model is shown in Figure 6 for
Then, the natural frequencies and mode shapes of the runner working at deep part load (with cavitation condition) can be numerically obtained for different α v values. Figure 7 shows the increase of the different natural with respect the natural frequencies in homogenous water ( f cav − f wat )/ f wat , where f cav are the natural frequencies considering cavitation effects (depending on α v ) and f wat are the natural frequency in homogenous water (runner working close to BEP). As in other studies [21] , when cavitation exist, natural frequencies of the structure are substantially increased and this increase depends on the cavitation volumes and its properties. For the smallest α v considered, the volumes are the largest one and the increase in the natural frequencies can be 10-20%, depending on the mode shape considered. For the 4ND mode, the increase in frequency with respect the non-cavitating case is much higher as for the rest of the modes. 
Discussion
Due to the extreme short time needed to have such fractures (one day of operation at deep part load), it seems reasonable that a structural resonance of the runner, with high deformation and stress on the trailing edge of the blades occurred. According to the excitation characteristics shown in Table  3 , the CFD simulation results (Figure 3 ) and the natural frequencies calculated (Table 4 and Figure 7) we can conclude that the most probably phenomenon that was exciting that resonance is the RSI as it will be justified in the following lines.
As mentioned in Section 3.3, the inter-blade vortices itself have characteristic frequencies in the low frequency area and these are stochastic rather than periodic. The same reasoning can be made for the vortex rope; although its nature is periodical the extreme low precession frequency below the rotating speed may not excite a natural frequency of the runner. Furthermore, no vortex rope 
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Due to the extreme short time needed to have such fractures (one day of operation at deep part load), it seems reasonable that a structural resonance of the runner, with high deformation and stress on the trailing edge of the blades occurred. According to the excitation characteristics shown in Table 3 , the CFD simulation results (Figure 3 ) and the natural frequencies calculated (Table 4 and Figure 7) we can conclude that the most probably phenomenon that was exciting that resonance is the RSI as it will be justified in the following lines.
As mentioned in Section 3.3, the inter-blade vortices itself have characteristic frequencies in the low frequency area and these are stochastic rather than periodic. The same reasoning can be made for the vortex rope; although its nature is periodical the extreme low precession frequency below the rotating speed may not excite a natural frequency of the runner. Furthermore, no vortex rope characteristic has been found in the simulations.
The Von-Karman vortex shedding could produce damages on the trailing edge if the vortex frequencies coincides with one of the natural frequencies of the runner (or local natural frequency of the blades). Nevertheless, the calculated Von-Karman frequencies close to the periphery (Table 3) are much higher than the first several mode shapes in water (Table 4 ). In fact, the modes in the frequency range of the Von Karman frequencies calculated at deep part load or at BEP have very local and complex deformations. Therefore, it seems difficult to explain the real fractures found (Figure 1) , which are large and happened in many blades, by such phenomenon. Furthermore, the reported Von Karman problems in the past are for relative high loads [43, 44] . For the aforementioned reasons, it seems that the most probably phenomenon that could have excited the resonance is the RSI.
Nevertheless, the lower RSI excitation frequency corresponds to 100 Hz with an excitation shape of k = 4 and if no cavitation effects on the added mass are considered, the natural frequency corresponding to a mode shape with 4 nodal diameters is 90.51 Hz (Table 4) . Although there are uncertainties in numerical simulations, past researches reported a discrepancy of less than 5% for the 4ND mode with respect to experimental results using similar simulation procedures. For example, Liang et al. [17] reported an discrepancy of 1% for a submerged structure in infinite water and Valentin et al. [9] reported an error of 5% for a submerged and confined circular structure. If rotational effects are considered, these should be small as the rotating speed is relatively slow, and even they would slightly decrease the natural frequency of the runner, keeping away the possibility of a resonance [58] .
Therefore, only if cavitation effects on the added mass are considered a structural resonance excited by the RSI excitation can be explained. As experimentally and numerically proven in simple hydrofoils, if huge cavitation volumes exist close to the structure, the added mass could be reduced and thus the natural frequencies increased (Section 5.2). Even if the assumed values for the void ratio cannot be determined experimentally in this case, Figure 8 shows that the resonance may occur for a wide range of α v considered and particularly for the values calibrated in by De la Torre et al. [21] . Therefore, to evaluate the risk of a structural resonance in a turbine runner, cavitation effects on the added mass, which depend on the operating condition, should be considered. Karman problems in the past are for relative high loads [43, 44] . For the aforementioned reasons, it seems that the most probably phenomenon that could have excited the resonance is the RSI. Nevertheless, the lower RSI excitation frequency corresponds to 100 Hz with an excitation shape of k = 4 and if no cavitation effects on the added mass are considered, the natural frequency corresponding to a mode shape with 4 nodal diameters is 90.51 Hz (Table 4) . Although there are uncertainties in numerical simulations, past researches reported a discrepancy of less than 5% for the 4ND mode with respect to experimental results using similar simulation procedures. For example, Liang et al. [17] reported an discrepancy of 1% for a submerged structure in infinite water and Valentin et al. [9] reported an error of 5% for a submerged and confined circular structure. If rotational effects are considered, these should be small as the rotating speed is relatively slow, and even they would slightly decrease the natural frequency of the runner, keeping away the possibility of a resonance [58] .
Therefore, only if cavitation effects on the added mass are considered a structural resonance excited by the RSI excitation can be explained. As experimentally and numerically proven in simple hydrofoils, if huge cavitation volumes exist close to the structure, the added mass could be reduced and thus the natural frequencies increased (Section 5.2). Even if the assumed values for the void ratio cannot be determined experimentally in this case, Figure 8 shows that the resonance may occur for a wide range of αv considered and particularly for the values calibrated in by De la Torre et al. [21] . Therefore, to evaluate the risk of a structural resonance in a turbine runner, cavitation effects on the added mass, which depend on the operating condition, should be considered. To summarize our hypothesis and explanation of the real fractures founded; as they occurred in an extreme short time, a structural resonance rather than long term fatigue would have caused such failures. From the possible excitations it has been argued that only the RSI has the capability to excite a structural resonance (with global deformations) in the present case. Nevertheless, without considering cavitation effects on the added mass, the structural resonance cannot be explained as the natural frequencies numerically calculated are far away from the RSI excited frequencies.
Recently, many researchers experimentally and numerically proved, that if huge cavitation To summarize our hypothesis and explanation of the real fractures founded; as they occurred in an extreme short time, a structural resonance rather than long term fatigue would have caused such failures. From the possible excitations it has been argued that only the RSI has the capability to excite a structural resonance (with global deformations) in the present case. Nevertheless, without considering cavitation effects on the added mass, the structural resonance cannot be explained as the natural frequencies numerically calculated are far away from the RSI excited frequencies.
Recently, many researchers experimentally and numerically proved, that if huge cavitation volumes exist in the vicinity of a hydrofoil, they have to be considered for an accurate calculation of the natural frequencies. In a Francis turbine, working at deep part load, large inter-blade cavitation vortices appear (see the experimental work of Keita et al. [48] ), which have been numerically predicted and included in the calculation of the natural frequencies in the present case. Although experimental values of the void ratio could not be estimated in the prototype, a parametric analysis of these values shows that for a wide range of values, the risk of a structural resonance is high (Figure 8) .
Furthermore, the analysis of the static stresses of the 4ND mode of the runner reveal that the maximum stress is at the joint of the trailing edge and the band, which perfectly corresponds to the damage found as seen in Figure 9 . The last evidence, that the resonance could have occurred as explained, is that once the machine was repaired it had been working for several weeks close to the BEP, i.e., without important cavitation effects on the added mass, and no fractures were found after that time. Furthermore, the analysis of the static stresses of the 4ND mode of the runner reveal that the maximum stress is at the joint of the trailing edge and the band, which perfectly corresponds to the damage found as seen in Figure 9 . The last evidence, that the resonance could have occurred as explained, is that once the machine was repaired it had been working for several weeks close to the BEP, i.e., without important cavitation effects on the added mass, and no fractures were found after that time. 
Conclusions
A totally uncommon and unexpected fracture case in a Francis turbine, occurred after one day of operation at deep part load, has been systematically analyzed and discussed in this paper. The analysis concludes that cavitation effects have increased the natural frequencies of the turbine runner, tuning one structural resonance excited by the Rotor Stator Interaction.
Although cavitation influences on the structural natural frequencies of simple structures, such as hydrofoils, have been analyzed in the past, no studies have been found where these effects are evaluated in turbine runners. In this paper, the effect of cavitation on the added mass and therefore on the natural frequencies of the runner has been considered combining a CFD simulation with a Finite Element Model. For the runner working at deep part load, large inter blade cavitation vortices have been found, which have been included in the calculation of the natural frequencies by means of a FEM model.
From the numerical perspective, realistic values of the void ratio are fundamental for an accurate calculation of the natural frequencies. Although these values are not still available for a generic Francis prototype, in the present case we have performed a parametric study of possible void ratios, showing that an increase in the natural frequency due to cavitation effects could explain the structural resonance occurred. Particularly, results suggest that large cavitation volumes close to the blades can increase the natural frequencies of the runner around 10-15%, with respect the non-cavitating case. Especially for higher diametrical modes this increase is more important.
For the aforementioned reasons, in this paper we want to emphasize the necessity to include and 
For the aforementioned reasons, in this paper we want to emphasize the necessity to include and further investigate cavitation effects on the natural frequencies of generic submerged runners. 
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